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Abstract—Head impact exposure in youth football has not
been well-documented, despite children under the age of 14
accounting for 70% of all football players in the United
States. The objective of this study was to quantify the head
impact exposure of youth football players, age 9–12, for all
practices and games over the course of single season. A total
of 50 players (age = 11.0 ± 1.1 years) on three teams were
equipped with helmet mounted accelerometer arrays, which
monitored each impact players sustained during practices
and games. During the season, 11,978 impacts were recorded
for this age group. Players averaged 240 ± 147 impacts for
the season with linear and rotational 95th percentile magni-
tudes of 43 ± 7 g and 2034 ± 361 rad/s2. Overall, practice
and game sessions involved similar impact frequencies and
magnitudes. One of the three teams however, had substan-
tially fewer impacts per practice and lower 95th percentile
magnitudes in practices due to a concerted effort to limit
contact in practices. The same team also participated in fewer
practices, further reducing the number of impacts each player
experienced in practice. Head impact exposures in games
showed no statistical difference. While the acceleration
magnitudes among 9–12 year old players tended to be lower
than those reported for older players, some recorded high
magnitude impacts were similar to those seen at the high
school and college level. Head impact exposure in youth
football may be appreciably reduced by limiting contact in
practices. Further research is required to assess whether such
a reduction in head impact exposure will result in a reduction
in concussion incidence.
Keywords—Concussion, Brain injury, Biomechanics, Helmet,
Linear, Rotational, Acceleration, Pediatrics, Children,
Sports.
INTRODUCTION
In recent years, football has come under increased
scrutiny because of the concern for player safety and the
risk of injury, especially related to concussion.
Researchers estimate that between 1.6 and 3.8 million
cases of sports related concussion occur each year in the
United States, with football having the highest rate of
injuryamong teamsports.14,19While the long termeffects
of sports concussions are still under investigation, links
may exist between the accumulationofhead impacts over
a playing career and increased risk of neurodegenerative
diseases later in life, among other health concerns.30 The
majority of the biomechanics research investigating
concussions in football has been focused on high school,
college, and professional players, despite that more than
two-thirds of football players are under the age of 14.11
In order to understand the biomechanics associated
with concussion, numerous studies have been con-
ducted over the last decade to investigate player
exposure and tolerance to head impacts in foot-
ball.3,4,7,9,10,13,16,17,22,23,25–27,31–34 Many of these studies
have utilized commercially available helmet-mounted
accelerometer arrays (Head Impact Telemetry (HIT)
System, Simbex, Lebanon, NH) to measure head
kinematics resulting from head impact in real-time
during live play. The accelerometer arrays collect data
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from each head impact a player experiences while
instrumented, allowing researchers to get a more com-
plete view of the biomechanical response of a player’s
head to impacts across a wide range of magnitudes.
Since 2003, more than 1.5 million impacts have been
recorded using the HIT system, primarily at the high
school and college level.7–10,12 From these data, strat-
egies to reduce head impact exposure through rule
changes and methods to evaluate protective equipment
have been developed.8–10,25 Unfortunately, little
research has focused on youth football, where the head
impact exposure is still not well understood.11 A single
study has investigated head impact exposure at the
youth level. That study found that 7 and 8 year old
players sustained an average of 107 impacts over the
course of a season, with the majority of high magnitude
impacts occurring in practice.11 This work was one
factor contributing to youth football organizations
updating contact restrictions during practice.28
An estimated 5 million athletes participate in orga-
nized football in the United States annually. Children,
age 6–13 years, account for around 3.5 million of these
participants, compared to just 2000 in the National
Football League (NFL), 100,000 in college, and 1.3 mil-
lion in high school.11,18,24 Despite making up 70% of the
football playing population, just one study has investi-
gated head impact exposure experienced by youth foot-
ball playersunder14 yearsold.Theobjectiveof this study
was to quantify the head impact exposure of youth
football players, aged 9–12 years, for all practices and
games over the course of single season. These data, along
with future research, may be used in the development of
scientiﬁcally based strategies for head injury mitigation.
MATERIALS AND METHODS
On-ﬁeld head impact data were collected from 50
players, age 9–12 years, on three youth tackle football
teams instrumented with the HIT system for a single
fall football season. The three teams consisted of a
juniors team (team A, 9–11 years old), a pee wee team
(team B, 10–12 years old), and a junior pee wee team
(team C, 9–11 years old). Further description of the
three teams is provided in Table 1. Players were
monitored during each of the teams’ games and con-
tact practices. Approval for this study was given by the
Virginia Tech and Wake Forest University Institu-
tional Review Boards (IRBs). Each player provided
assent and their parent/guardian gave written consent
for participation in the study.
The HIT system consists of an array of six non-
orthogonally mounted single-axis accelerometers ori-
ented normal to the surface of the head. The arrays,
designed to ﬁt in medium or large Riddell Revolution
helmets, were installed between the existing padding
inside the helmets. Each accelerometer is mounted on
an elastic base so that they remain in contact with the
head throughout the duration of head impact, allowing
for the measurement of head acceleration rather than
that of the helmet.20 Any time an instrumented player
experienced a head impact that resulted in a single
accelerometer measuring 14.4 g during games and
practices, data acquisition was triggered to record
40 ms of data at 1000 Hz, including 8 ms of pre-trigger
data. Data from the helmet-mounted accelerometers
were then transmitted wirelessly to a computer on the
sideline, where the data were stored and processed to
compute resultant linear head acceleration and peak
rotational head acceleration using previously described
methods.6,27 In addition, impact location was gen-
eralized into 1 of 4 impact locations (front, side, top, or
back) based on the acceleration vectors from the linear
accelerometers.15 Impacts were veriﬁed using video
from practice and game sessions to ensure they oc-
curred while players were wearing the helmets. The
HIT system has previously been found to reliably
determine linear acceleration, peak rotational acceler-
ation, and impact location.1
Empirical cumulative distribution functions (CDF)
for both linear and rotational head acceleration were
determined. Head impact exposure was quantiﬁed in
terms of impact frequency and 50th and 95th percentile
head accelerations. Acceleration duration was measured
from the local minimum before peak linear acceleration
and the localminimum after the peak, while time to peak
linear acceleration was measured from the local mini-
mum before peak linear acceleration to the peak. The
data were sorted by generalized impact location and
session type (practice or game). A Kruskal–Wallis one-
way analysis of variance was conducted to evaluate for
between-group diﬀerences in head impact exposure
associated with the three teams and two session types. A
threshold of p< 0.05 was used to determine statistical
signiﬁcance. In the event thatmore than two groupswere
compared, p values were calculated for all pairs and the
most conservative p valuewas reported.All data analysis
was conducted on an individual player basis and then
averaged to represent the exposure level of a typical 9–
12 year old football player. Head impact exposure levels
were then compared with those of other levels of play
that have been previously described in the literature.
RESULTS
A total of 11,978 impacts were measured, ranging
from linear accelerations of 10–126 g and rotational
accelerations of 4–5838 rad/s2. The distribution of lin-
ear acceleration had a median value of 19 g and a 95th
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percentile value of 46 g. The distribution of rotational
acceleration had amedian value of 890 rad/s2 and a 95th
percentile value of 2081 rad/s2. CDFs of linear and
rotational acceleration magnitudes for the season were
determined (Fig. 1). The acceleration distributions are
right-skewed and heavily weighted toward lower mag-
nitude impacts. The impact durations measured were
8.82 ± 2.97 ms (average ± standard deviation) with a
time to peak linear acceleration of 4.67 ± 1.73 ms.
Resultant linear acceleration is plotted vs. time for sev-
eral impacts recorded in this study as, examples of a
typical acceleration pulse (Fig. 2).
On average, instrumented players sustained
240 ± 147 impacts during the season, with values
ranging from 26 to 585 impacts. The average instru-
mented player sustained 10.6 ± 5.2 impacts per session
while participating in 21.8 ± 5.7 sessions. The median
impact sustained by instrumented players resulted in
accelerations of 18 ± 2 g and 856 ± 135 rad/s2. The
95th percentile impact sustained by instrumented
players resulted in accelerations of 43 ± 7 g and
2034 ± 361 rad/s2. Head impact exposure was quan-
tiﬁed on an individual player basis by session type
(Table 2). A total of 961 impacts (8.0%) greater than
40 g, 160 impacts (1.3%) greater than 60 g, and 36
impacts (0.3%) greater than 80 g were recorded
throughout the season. The average player sustained
19.2 ± 20.1 impacts greater than 40 g, 3.2 ± 4.4 im-
pacts greater than 60 g, and 0.7 ± 1.2 impacts greater
than 80 g.
In games, the average player had a median linear
acceleration value of 19 ± 2 g and a 95th percentile
value of 43 ± 8 g. The average player had a median
linear acceleration value of 18 ± 2 g and 95th per-
centile value of 40 ± 7 g in practices. Both the diﬀer-
ence in median (p = 0.0289) and 95th percentile
(p = 0.0463) linear acceleration magnitudes between
games and practices were signiﬁcant. For rotational
acceleration, the average player had a median value of
867 ± 149 rad/s2 and a 95th percentile value of
2117 ± 436 rad/s2 for games. In practices, the average
TABLE 1. Description of subject groups investigated in this study.
Team Player mass (kg) Player age (years) Number of players Number of impacts
A 37.6 ± 5.7 9.8 ± 0.8 14 2206
B 50.1 ± 3.9 12.2 ± 0.5 17 5005
C 43.9 ± 5.9 10.9 ± 0.6 19 4767
Combined 44.2 ± 7.2 11.0 ± 1.1 50 11,978
FIGURE 1. Cumulative distribution plots of linear acceleration (left) and rotational acceleration (right) magnitudes for impacts
collected during the season.
FIGURE 2. Resultant linear acceleration vs. time for several
impacts of various magnitudes recorded from 9 to 12 year old
football players.
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player had a median rotational acceleration value of
829 ± 152 rad/s2 and a 95th percentile value of
1884 ± 385 rad/s2. As with linear acceleration, the
difference between game and practice 95th percentile
rotational acceleration (p = 0.0099) was signiﬁcant.
The average player sustained 154 ± 113 impacts in
14.4 ± 5.2 contact practices and 85 ± 68 impacts in
7.4 ± 1.2 games. On a per session basis, players
experienced 9.7 ± 4.9 impacts per practice and
11.3 ± 8.7 impacts per game. While players experi-
enced signiﬁcantly more impacts in practices than
games (p = 0.0011) throughout the season, the differ-
ence in the number of impacts per session for practices
and games (p = 0.9423) was not signiﬁcant.
Substantial diﬀerences existed among the three
teams in this study for both impact frequency and
acceleration magnitude (Table 3). Players on team A
accumulated fewer impacts in practices during the
season (p< 0.0001) than those on teams B and C, as
well as fewer impacts on a per practice basis
(p< 0.0097). Furthermore, team A players sustained
appreciably lower magnitude accelerations than their
team B and C counterparts (Fig. 3). For linear accel-
eration magnitude, the 95th (p< 0.0001) percentile
differences between team A and the other two was
signiﬁcant for practices. Likewise, the difference in
rotational acceleration magnitudes between team A
and teams B and C was signiﬁcant for the median
(p< 0.0001) and 95th percentile (p< 0.002) values for
practices. In games, impact frequency and acceleration
magnitudes were not signiﬁcantly different among the
teams. Team A players sustained signiﬁcantly fewer
impacts throughout the season compared to team B
players (p = 0.0045) due to practice differences. While
team A players also sustained fewer impacts during the
season than team C players, the difference was not
signiﬁcant (p = 0.0742).
Impacts to the front of the helmet were the most
common, representing 41% of all impacts, followed by
those to the back at 25% and side at 23% (Table 4).
The least frequently impacted location was the top of
the helmet, representing 11% of all impacts. Impacts to
the top of the helmet resulted in the highest magnitude
linear accelerations with a median value of 21 g and a
95th percentile value of 46 g. For rotational accelera-
tion, impacts to the front had the highest values while
those to the top had the lowest.
Among the three teams participating in this study,
four instrumented players sustained concussions diag-
nosed by physicians: two on the pee wee team (B4 and
B6) and one on each of the other two teams (A8 and
C18). The impact associated with player A8’s concus-
sion was to the front of the helmet and had a linear
acceleration of 58 ± 9 g and rotational acceleration of









































































































































































































































































































































































































































































associated with an impact to the back of the helmet
with linear and rotational acceleration magnitudes of
64 ± 10 g and 2830 ± 900 rad/s2. No impacts were
recorded for B6 on the day of his concussion due to a
battery failure in the sensor array. Player C18’s con-
cussion was linked to an impact to the side of the
helmet with linear and rotational acceleration magni-
tudes of 26 ± 4 g and 1552 ± 500 rad/s2.
DISCUSSION
Previous studies have investigated the frequency and
magnitude of head impacts in other tackle football
populations, including youth (7–8 years), high school
(14–18 years), and college (18–23 years) in the last
decade (Table 5).5,11,25,27 Data from these studies show
a trend of increasing acceleration magnitude and
impact frequency with increasing level of play. Not
surprisingly, the 9–12 year old players in this study
were found to experience linear acceleration magni-
tudes between those found in 7–8 year old players and
high school players. For rotational acceleration, the
95th percentile magnitude found in this study was less
than that found previously in younger players.11
Rotational acceleration tends to correlate well with
linear acceleration, though impact location can heavily
inﬂuence the relationship.27 Players in this study
experienced more impacts to the front of their helmets
and fewer to the side than the 7–8 year old players
studied by Daniel et al.11 In that study, impacts to the
front of player’s helmets were associated with lower
rotational acceleration magnitudes, while those to the
side were associated with higher magnitudes.
As with magnitude, the impact frequency reported
in this study fell between those of 7–8 year old and
high school athletes. In this study, the average player
experienced 240 impacts throughout the season com-
pared to 107 impacts per season for 7–8 year old
players and 565 for high school players.3,5,11 This trend
can be partially attributed to the number of sessions
(practices and games) increasing as the level of play
increases. The 7–8 year old team studied by Daniel
et al.11 experienced impacts in 9.4 practices and 4.7
games for a total of 14.1 sessions. Players in this study
participated in an average of 14.4 contact practices and
7.4 games, for a total of 21.8 sessions. Compared to the
high school team studied by Broglio et al.,3 the teams
in this study participated in fewer practices and games
in addition to experiencing fewer impacts per session.
High school players experienced on average 15.9
impacts per session whereas the 9–12 year old players
in this study experienced 10.6 impacts per session. The
age related differences reported among these three age
groups are most likely due to increased size, athleti-
cism, and aggression in older players.
Players experienced slightly greater impact fre-
quencies and acceleration magnitudes in games than in
practice, similar to ﬁndings of high school and college
football studies.4,7,9,29 For example, a group of high
school players, experienced a mean linear acceleration
magnitude of 23 g in practices and 25 g in games while
FIGURE 3. Player 95th percentile acceleration magnitude vs. number of impacts per session for practices (left) and games (right).
Individual players are shown in gray while team averages are displayed in black with error bars showing standard deviation.
TABLE 4. Head impact frequency and magnitude by location









50th 95th 50th 95th
Front 52 19 41 951 2049
Side 19 16 34 810 1715
Rear 18 18 41 790 2030
Top 10 21 46 388 1040
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the players in this study had a mean linear acceleration
magnitude of 22 g in practices and 23 g in games.5
With regard to impact frequency, players in this study
experienced a similar number of impacts per practice
as per game. The rate of impact in practice was similar
to the 9.2 impacts per practice that Broglio et al.5
reported for high school football players. However, the
high school players sustained 24.5 impacts per game.
These data suggest that high school players experience
fewer impacts in practice than in games, while the 9–
12 year old players in this study had roughly equal
numbers of impacts per session for the two session
types.
Substantial diﬀerences in impact frequency were
observed between team A and the other two teams.
For the entire season, players on team A experienced
an average of 37–46% fewer impacts than players on
teams B and C, though only the diﬀerence between
teams A and B was statistically signiﬁcant. This dif-
ference is largely due to players on teams B and C
participating in 2.1–2.3 times more contact practices
than players on team A. The average number of games
each player participated in was nearly the same for all
three teams, and team A actually had the highest
average number of impacts per game at 15.2. Team B
and C players averaged 9.9 and 9.6 impacts per game,
respectively. Since team A had fewer players than the
other two teams, their players may have had more
playing time leading to more impacts per game, though
other factors such as playing style or skill may have
also played a role. For practices, team A players
averaged just 6.2 impacts per session compared to 12.9
and 9.5 for teams B and C. Furthermore, players from
teams B and C participated in twice as many practice
sessions as those from team A. As a result of the higher
rate of impact in practices and greater number of
practices, team B and C players experienced 219 and
175 impacts during practices, while team A players
averaged 48 impacts.
Several factors may have played a role in reducing
the head impact exposure observed in team A players
relative to teams B and C in this study. First, Pop
Warner mandated two rule changes for the 2012
football season that applied to all of their aﬃliates: (1)
a mandatory minimum play rule, where coaches are
required to give each player a certain amount of
playing time, and (2) a limit on contact in practice,
where no more than one-third of weekly practice time
and no more than 40 min of a single session can in-
volve contact drills.28 While no team in this study was
afﬁliated with Pop Warner, the league in which team A
competed enforced the same rule changes, whereas
teams B and C had no such restrictions. Second, spe-
cial teams plays, including kickoffs and punts, were
live plays for teams B and C, similar to high school,
college, and professional football. Alternatively, team
A’s special teams plays were controlled situations
where no contact was allowed. Data from previous
studies suggest that players on special teams are more
susceptible to large magnitude head accelerations,
which may lead to higher incidence of concussion on
these plays.2,18,21 Third, all three teams played
approximately the same number of games during the
season, but teams B and C played 11 and 12 week
seasons while team A had a 9 week season. With more
time between games, teams generally practice at a
higher frequency and intensity. Fourth, player skill,
athleticism, and maturity could have implications on
the level of exposure. Even within teams, variability
among players is apparent, with some players experi-
encing substantially more impacts than the team
average. No signiﬁcant differences were found in game
acceleration magnitudes or impact frequency, sug-
gesting practice differences were not due to player
differences among teams. Instrumented players ranged
from experiencing 72 to 585 head impacts. Fifth,
coaching style has major inﬂuence on factors such as
the types of drills used in practice and the plays called
in games. These coaching variations would likely
contribute to the differences in the head impact expo-
sure that players experienced.
Two of the impacts (A8 and B4) associated with
diagnosed concussions were substantially greater than
the player’s season 95th percentile linear acceleration
magnitude. Furthermore, the acceleration magnitudes
were consistent with concussive values reported in
previous studies, albeit at the lower end of the
range.16,25,27 For player A8, the impact was the third
highest linear acceleration magnitude he experienced
during the season and second highest magnitude
TABLE 5. Comparison of head impact exposure across various levels of play.3,5,11,25,27




Median (50%) 95% Median (50%) 95%
Youth (7–8 years) 107 15 40 672 2347
Youth (9–12 years) 240 18 43 856 2034
High school (14–18 years) 565 21 56 903 2527
College (19–23 years) 1000 18 63 981 2975
COBB et al.2470
resulting from an impact to the front of the helmet.
The two highest magnitude impacts that this player
experienced were similar in magnitude to the concus-
sive impact. For player B4, the concussive impact was
his highest magnitude impact to the back of the helmet
for the season. This player also accumulated the third
highest number of impacts during the season among all
study participants. The third impact associated with a
concussion (C18) was in the top 20% of linear accel-
eration magnitudes for that player throughout the
season. Although the acceleration magnitude was rel-
atively low for a concussion, it was the player’s second
highest magnitude resulting from an impact to the side
of the helmet.
The data collected in this study may have applica-
tions towards improving the safety of youth football
through rule changes, coach training, and equipment
design. Prior to the 2012 season, many youth football
organizations, including the league in which team A
competed, modiﬁed rules, and provided coaches with
practice guidelines to reduce head impacts in practice.
The data collected in this study suggest that head
impact exposure over the course of a season can be
reduced signiﬁcantly by limiting contact in practices to
levels below those experienced in games. In addition to
guiding future rules for youth football, this study can
be used to aid designers in developing youth-speciﬁc
football helmets that may be able to better reduce head
accelerations due to head impacts for young football
players. Impact location, frequency, and head accel-
eration magnitudes can be used to optimize helmet
padding to maximize protection while keeping factors
such as helmet size and mass to age appropriate levels.
A number of limitations should be noted about this
study. First, the HIT system used for data collection is
associated with some measurement error for linear and
rotational acceleration. On average, the HIT system
overestimates linear acceleration by 1% and rotational
acceleration by 6% when compared to the Hybrid III
headform. The correlation between the HIT system
and Hybrid III measurements of head acceleration is
R2 = 0.903 for linear acceleration and R2 = 0.528 for
rotational acceleration.1 Individual data points have
uncertainty values due to random error as well; how-
ever, the analysis presented here primarily examined
distributions of data sets, rather than individual points.
Uncertainty values that account for the random error
are included with the three concussive data points
presented. Second, this study followed three teams
consisting of 9–12 year old players with a total of 50
players with large variations in head impact exposure
among the different teams and players. Head impact
exposure is likely dependent on other factors, in
addition to age.
Real-time head impact kinematic data were col-
lected from youth football players, age 9–12 years,
during practice and game sessions for an entire season.
The data show, on average, that players experienced
greater head impact exposure, through more frequent
and higher magnitude impacts, than 7–8 year old
players, but less than that of high school players.
Furthermore, players experienced similar levels of head
impact exposure in practice and game sessions on a
per-session basis. The vast majority of head impacts
recorded in both games and practices were below
acceleration magnitudes generally associated with
concussions; though, some high magnitude impacts,
similar to those seen among older players, did occur.
The data presented in this study suggest that head
impact exposure at the youth level may eﬀectively be
reduced by limiting contact in practices. Future studies
are required to determine how rule modiﬁcations,
coaching style, and other factors inﬂuence player
impact exposure in practice. Furthermore, additional
research is required to determine how reducing head
impact exposure in practice aﬀects concussion risk in
youth football. Researcher should continue to collect
head impact kinematic data in youth football across all
age groups to establish the level of head impact
exposure a typical player experiences, in a season and
career, in order to improve player safety in youth
football.
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